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Abstract

Task space contvol of manipulators 1s cilended both
e the number of simullancous behaviors and in the
dimension of the task space.  An applicalion is de-
composed nlo wmultiple simullancous behaviors whose
resultant behavior will provide the molion necessary
to caccule the 1ask.  Fach behavior gencrates comn-
mands in its own coordinate system. These simulla-
neous connnands ave merged in @ motion space using
impedance control to compute a resulland command to
the manipulator. The task space of each behavior can
have the dimensionality of the mechanisin being con-
trollcd. Control of a scven degree of freedom manipu-
lator is described here so the available lask space for
cach behavior has dimensionalily scven.

1 Introduction

A larg

sary in a robol control systemn which is expected to

nuinber of motion sources may be neces

perforin a wide variely of tasks, For example, a tra
jectory gencrator may bhe needed to provide position
setpoints, force sensor inputs may he necessary for
comtact applications, hand controller imputs may be
needed for operator control, gripper motion for grasps,
and visual feedback for automatic alignient. Many
tasks require a simultancous combination of motion
sources. A compliant grasp task requires sinultanc
ons force control and gripper control. A shared con-
trol polishing task could use hand controller inputs to
specify motion tangential to a surface while force con-
trol controlled the force of contact with the surface and
the manipulator reconfigured itself in real time to stay
away from joint limits, singularities and collisions.

The necessary mumber of degrees of freedom

(HOFs) of the mechanism can also vary depending,
on the task. A four DOY scara manipulator is sufli
cient for many pick and place operations. A six DOV
manipulator is suflicient for placing objects in an arbi-
trary orientation. A seven DO ananipulator provides
an ability to continuously change its internal link con-
figuration for a constant tool position and orientation,
and can extend the dextrons workspace. For the seven
DOT manipulator, the possible dimension of the out-
put motion (seven) is greater than the ditnension of
possible inotion of the gripper (six). Al of the mech-
anisin DOYs should be available for task execution,
The control scheme must therefore allow both a vari-
able ninnber of siimultancous input somces and a vari
able dimension Lask space.

There are diflerent ways to implement a system to
provide nultiple input sources. One solntion is to pro
vide a fiexible robot progranming environment which
provides a layered set of subroutines for robot applica-
{ions progranmning. A custom program could then be
developed to utilize the needed sensors for a specific
task. A robol language could also be used to develop a
program to merge control based upon multiple sensors
The approach used to implement the control architee-

ture of this paper is to provide a fixed software system
with data driven exceulion. The control system pro
vides a large suite of capabilitics hased upon input
data. 'This approach is used to satisfly requircinents
for space telerobotics where the flight component of
the telerobotic systenr must be flight qualified. Fhe
fixed flight software can provide the multiple control
sources with the behavior of contiol from cach source
dependent on the parameterization data which can be
sent from a distant ground station. The actual task
execution motion is the resultant hehavior of all the
input sources,

This paper deseribes a control architecture which
allows exccution of a task to be considered as the re-



sultant behavior of exce ution of multiple concurrent
behaviors. The dimensionality of the exccution space
of cach hehavior and the resultant behavior can be €x -
tended to the dimensionality of the controlled mech-
anism. Task description consists of decomposing the
desired cxccution into the multiple shimultancous be-
haviors. Fach behavior generates motion commands
in its own hehavior space. These simultancous cor

an ds are merged in a €O N Nen motion space to com-
pute a resultant cormmand 1o the manipulator. The
task space of cach behavior cary have the dimensional-
ity of the mechanisin being controlled. Thie architec-
ture is applicdto control of asever, DOV manipulator.
The results are also applicable to otherredundant and
non-redundant manipulators with various numnbers of
1)01’s. Previous work has described techniques for
comphant motion control [1, 2, 3], shared control [4],
and re dund ancy resolution [5, 6, 7). Flicse capabili

ties become a subset of the more general architecture
deselibedhere.

2 Control A rchitecture for Mult iple
Shimultancous 13chaviors

The controlarchitecture for simultan cous exccution
of mmltiple control behaviors is shownin Figure 1.
The Application f pare includes all pot ential applica-
tion tasks which the robot control system st be
able to accomplish. These app lication tasks could be
scquenced together to accomplisha larger task. x -
cution of a given application task ¢aty be decomposed
into concurrently exccuting behaviors, Yor example, a
door opening, task could utilize a trajectory generator
to generate the nominal trajectory while force control
adds small perturbations to adjust for errors hetween
the Platined trajectory and the physical system mo
tion. 'The Connmand 1o Behavior Map perforins the
mapping between the task and the required conecur -
rent behaviors, This could be done automatically or
through interaction with an opcrator.

2.1 Bechavior Space

The Belhavior Space includes all of the independent
cont rol behaviors, Fach cont rol hehavior executes in
its own cont rol space before the result ant cont rol in-
puts are trausformed to a cormmon motion space. Ira-
jectory Tracking is a control hehavior whichi provides a

trajectory gencratorto generate rea-tillw trajectorics.
"Fhie Teleoperation behavior takes real-titlw operator
inputs slid generales controlinputs, Dither generates
simall periodic dither control inputs. Foree ‘Iracking
provides control of contact forces between the manip-
ulator and the cnvirommnent. Manipulability computes
an optinmn armn configuration and generates control
inputs {o Move toward it. Singularity Avoidance gen-
erates control inputs to keep the arin away from sin-
gularitics. Joint Limit Avoid ance generates control in-
puts to keep the arm away fromn joint linits. Obstacle
Avoidance generates control inputs to prevent colli-
stons. Proxiunty generates control inputs to control
proximity to a real or virtual object. Vi sual Track -
ing generates control inputs to provide visual servoing,
Other behaviors could also be provided. 1 acti hehav-
ior has comt nand paramcters that specifly its opera-
tion a1hd use of real and virtual sensor data. Virtual
sensors are those that derive data, possibly from real
sensors, c.g.; a joind it or sing ularity sensor derives
data from real joint position sensors.

More complex resultant behaviors can be gener-
ated by concurrent exceution of individual hehaviors.,
For exar nple, a polishing, behavior mnay be composed
of telecoperation, force track ing, manipulability, joint
limit avoidance, obstacle avoidance, and singularily
avoidance hehaviors, ‘Telecoperation could allow o
tion inputs by ani operator only tangential to the sur-
face normal. Yorce t racking could provide a constant
force against the surface. Manipulab ility could control
the armn configuration for opltimal control of fine forces.
Joint limit avoidance, obstacle avoidance and sing ular-
ity avoidance would keep the arm from collisions and
singularities. Fhie operator would then only have to
provide the motion over the surface. 'T'hie autonomous
system would provide the rest of the control.

2.2 Motion Sjoace

T'he Motion Space is the cormuon control space for
all behaviors. Most general purpose six DOF manip-
ulators will have a motion space defined to be the
position aud orientation of a tootheldin its end
effector. Mechanisins with more tha v six mechauical
DOYs have been referred to as kinematically redun-
dant [8, 9] since the classical problem of end-cffector
position and orientation coutrol for a spatial manipu-
lator can be handled by a six DOV robot. Task re-
quirements often dictate a task space of dimension
greater than six. Vor so called kinematically redun-
dantrobots, a motion space is defined that spans all
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of the mechanical DOYs,  The motion space of the
seven DOY jnanipulator used here includes a six DOV
coordinate frame (thie IMPEDANCE frawe), and an
“arm angle” paramecter which deseribes the internal
configuration of the arm [8, 6]. Thearmangle, repre
sented by 4, is defitied as the anigle between the plane
passing through the shoulder, elbow, and wrist points
and some reference plane; we chose the vertical plane
here.

Fach behavior may compute control inputs in a
unique framme but these inputs are tra nsforn ed into
the common motion space to be merged together re-
sulting in a single set of motion commands.  Thus
cach motion DOF can receive inputs from multiple
behaviors. Motion Space control is done here using
impedance control (1) but with the expanded ability
to merge multiple control inputs either as position in-
puts or force inputs [10]. Inaddition, the nnpedance
equation ¢a1y be extended beyond six DOVs o match
the dimension of the motion space. The Motion Space
nnpedance control cquation, as showninfigure 1, is

M-(Xe - X)1B-(X.-X,)
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Task decomnposition and control for concurrent behaviors

where M s the inertia matrix, I3 is the damping ma-
trix, K is the stiflness matrix, X, is the reference
trajectory, X, is the connnan ded position, and ) | F;
is the sutnof all hehavior inputs mapped to forces.
Behaviors earl also generate position commmands and
merged with the reference trajectory. Equation 1 is
implemented with
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This gives the desired acccleration of the mechanicin
inthe Motion Space. The motion co 11 1mhands are then
mapped into the act yator space of the mechanisin.

2.3 Actuator Space

The Actuator Space is defined as  thespace of ac-
tive actuation of the mechanism. Mechanisins which
have more than six actuator DOVs fal into two general
categories, kinematically redundant and actuationally
reduydant. Typically, kinemat jeally redundant mech-
anisms have additional behiaviors associated with po
sition ahid actuationally redundant manipulators have



additional behaviors associated with force [f}].]\ia)r
pinug from the application . defined motion space to the
actuator space of the mechanismn is ofien referred to as
inverse kinematics for position servoed actuators and
force to torque map for force-torque servoed actuators.
Yor most applicat ions the motion space should com-
pletely spanthe actuator space of themanipulatorto
provide the widest array of behaviors for task execu-
tion. The mapping is then one-to one and cor nmon
Jacobian transpose and Jacobian inverse techniques
apply [11, 12 1f there arc more DOFs inthe actuator
space than in the motion space, the mapping is under-
constrained and a varicty of techuiques can be used in-
cluding pscudo-inverse [13] or mwiniimumkinetic encrgy
(5] Conversely, il there are fewer DOYs inthe actua-
tor space than the motion space, the problem is over-
constrained and damped least-squares [14, 15, 16] and
other techniques are ava ilable. Care must be taken
to assurc that a one-to one mapping between motion
space and actuator space does not degenerate at or
near a singularity.

The present implementation utilizes joint position
servos so 1nverse kinematics is used to compute joint
angle getpoints from the Motion Space acceleration
oulput. The Motion Space velocity veet or is commputed
with

]A"é‘.ll - ]);';l 'l l‘i‘»zl-l 1A7 (3)

Although Jacohian inverse routines could be used,
a damped-least -squares’mvese 1S used here to al
low further task prioritizationand singularity robust -
ness. The damped-leas t squares inverse is developed in
[14, 15,16} and applied to redundantarinsin [6, 17, 7].
The Motion Space velocity vector of the manipulator
has three translational coordinates, three orientation
coordinates and the arm angle [6]. A composile Ja-
cobian is formed from the individual Jacobians that
relate the rate of chiange of the joint angles to therate
of change of the motion space parameters, Here the
composite Jacobian, J¢,is givenby [7]:
w

) 3x7
Jiyr ® Sx7 (1)

Jier

where J“ is the angular velocity Jacobian, JY is the
linear velocity Jacobian, and J¥ is the arm angle Ja-
cobian. J* and JVare readily available using [18):
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where r is the velocity reference point, i is the 2 axis
of joint i, and Yir is the position vector fromn the ith
link frame to the velocity reference point r [6]. The
arin angle Jacobian is available from [6, 7):
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where w @ Py, c: 104 , p: c¢- \i’(WT(r) , Vo
is the vector specifying the reference plane, @ (w x
\7) x W, II; is the elb ow linear velocity Jacobian, arid
W is the wrist linear velocity Jacobian. Notice that
most of therequired data for J¢ “is available as a by
product from a forward kinernatic iteration [7].

Now with the motion space command vector, Xe,
and the motion to actuator space map, J¢, the
Joint servo velocity comman ds can be computed us-
ing dalll~)ecl-least squares with

Oa= [J7 Wy d 0 Wy} D J” W Xe (1)

where Wy is a diagonal task weighting matrix that
relates the relative prioritics of the tasks. Wy is a
diagonal velocity weighting matrix which weights the
norm of joint velocitics, It is important to note that
while a non-zero Wy matrix will provide robustness to
sing ularitics by limiting excess joint velocities, it will
also inducetracking error over the entire works pace,
By setting Wy to identity and Wy to zero a standard
inverse Jacobian result is provided with the same al-
gorithm.

3 Individual Behaviors

As shownin figure 1, various individual behaviors
canexecute concurrently. A hehavior can generate ¢i -
ther position commmands, which are merged with the
reference position trajectory on the left side of bBqu -
tion1, or force cormnands which are merged with ) F;
011 therighthand side of the equation.

Teleoperation is shown 1rs a position based input in
Figure 1 but is inplemented as a force based input,
related to input velocities, here. Fhe input velocity
motion by tile operator with a six DOF hand con .
troller is transformed to equivalent velocities, 7 X, in
the teleoperation behavior frame, TELEOYP (J), based
upon the selected teleoperation mode [10]. These ve-
locities are multiplied by a damnping matrix, 1, to



compute the forces inthe TE L EOP frame and then
transforied to equivalent forces inthe IMPEDACE
framme with

Tip = day - B T Xy ®
where 1% is a rigid body force transforination. The
damping matrix, By, can be Used to seclect operator
input directions. The operator inputs arin angle ve-
locity by pressing a trigger onthe hand controller and
changes the sign by pressing a button on the hand
controller. All of the above transforiations are seven
dimensional so theinputarmangle is adso transformed
to a force in the Motion Space.

Forces are not controlled directly with impedance
control. Rather, a position setpoint is specified inside
anobject and the actual steady state applied force is
a function of both the target stiffness and the posi-
tion error. ‘This approach is available with this imple-
mentation, but an alternative approach has also been
implemented. In the alternative appr oach, arcference
(desired) force is specified and the difference b etween
thereference and actual forces inthe I ORCE frame is
used 011 theright side of Equation 1. Then exact force
control is possible by sctting the reference stiffness, K,
and the reference trajectory velo city and acecleration
to zero in force controlled DOVFs. Assumning that the
environment can be odel ed as a stiffness with spring
constant key, the applied force in a DOY will be

fa - k(ml(a"r - 'Tt) (9)

where a, is the position at the initial contact point. 1f

.o ze -, , thetithe jmpedance equation (with 110
stiflness) for this DO is

(10)

In steady state the desired and actual applied forces
will be equal for any target impedance paramcters
which provide stable contact for the characteristic

(1m)

wherem is the mass terinof M| b is the damping terin
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of B, and kenv is the stiffness in the force controlled
DOY. Either approach to control of forces is avail-

able if the difference between the reference and actual
forces is added to the right hand side of Fquation 1.
This is shown in figure 1 with the diflerence I, - Py

The trajectory generator behavior computes the
reference t rajectory acceleration Xy, velocity Xy, and
position X,.  This trajectory is computedinthe

nominal motion frame and ther | transformed to ar)
equivalent motion in the IMPEDANCOE frame. By
having a nominalnotion fraine different from the
IMPEDANCE frame, a one degree of freedom rota-
tion in the nominal motion frame is an arc. nthe
IMPEDANCE framne. This is useful if you have only
alincar trajectory generator, as is implemented here,
but want to move in arcs such as for door opening.
The arm angle is also generated as part of the trajec-
tory.

Joint travel limiting provides an artificial potential
ficldat the end of travel Thnits 011 each joint. This ficld
is thenmapped to themotionspace to resist operator
command ¢ {hat exceed joint limits. YWhile the 1ocal
site pat h planner can predict and avoid joint limits in
its command S often the operator cannot. The joint
travel lLimiting sensor resists thisinotion so the oper-
ator does not induce a fault condition which would
interrupt the current task. Similar to the joint travel
initing behavior is the behavior which limits motion
in the manipulator workspace singular regions. Infor-
mation in joint space or motion space about the sin .
gularregions is required. Yor the Robotics Rescarch
K-1207 arm motion space information about the loca-
tion of singularities is usedfrom [19]. Somnesingular
regions arc qualitatively located at joint Inits; these
are taken care of by the above behavjor. Others are
located a configurations when the sevently joint frame
is within 0.2 mecters or beyond 1.1 meters of the first
joint framne. Thus if ||°2%|] > 1.1meters then

- (l{”('“o“'j:[) . ]\’.tingnlarity .
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]/'.‘ingulnrity B
(12)
or if ||°1%]| < 0.2 meters then

tions - .
N (17'10 w“jf) - K singularity
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where Kaingutarity is the gain for the singular region
avoidance, "1 is the rigid body transformation
between the joint 7 frame and the motion space co
ordinate system. Pacruat 1S the actual current posi-
tion of the joint seven frame, Pactu o1 is unit vector in
the direction of Factu ar, and Fyingutarity is the singu-
lar region avoidance behavior conmmandin the motion
space. Note that if the manipulator is not near a sin-
gularregionthere is 110 commmnanded motionfrom this
behavior.

Other behaviors can also be added cither as po
sition inputs or force inputs. The joiut travel limit,
trajectory generator, force cont rol, and telcoperat ion



behaviors have been implemented. Others will be im-
plemented in the coming year.

4 Bounded Behavior ¥xecution

‘T'he control scheme for concurrent behaviors merg-
ing has heen developed for space flight applications.
Therefore it as been implamented with a fixed soft-
ware system as described b elow in Section 6. An addi-
tional feature which isnecessary for exccution oft asks
in a remote space enviromnent is b ounded behavior
control execution. The multiple concurrent behaviors
arc merged together to generate the resultant bebiav-
ior. This resultant behavior st then be monttored
during execution to make sure that i stays within
specifiedbounds for safety. The local site can plan
tasks and sitnulate the execution on a local siiula-
tor, but cannot be sure of the motion generated by
real-time sensor based motion. To ensure safety the
local site can specify and verify safety of tasks which
execute within specified bour 1ds, These bounds inay
include the diflerence between the reference trajectory
and t he actual trajectory, force thresholds, and prox-
ity thresholds. A's long as the execution progresses
within the specified bounds, it should be safe.

5  Resultant Behavior Parametleriza-
tlon

The multiple concurrent hehaviors control schemne
describe above has heen implemented as described be-
low inScction G. Theresult is afixed software system
which provides a wide range of hehaviors for task ex-
cention as specified by coymnand parameters. Bxan -
ple parameterization is givennhere for various tasks.
Safety monitoring is used for all tasks with parame-
terization given in the conmnand interface.

Guarded motion is non-contact motion to a goal
point with auto inatic stop upon sensed collision. A
sensed collision implies that, the forces went out of the
acceplable boundonthe fore.c behavior. The com-
mand parameleri zation specifics a goal pointand a
time to reach there and the impedance parameters,
M, 13, and K. Also, the force thresholds arc speci-
fied.

A Move To Touch behavior is executed as a se-
quence of two individual behaviors, The first behavior
is Guarded Motion to a point inside of the surface to
be touched. Collision with the object is sensed by a
force monitor and the motion is stopped. The next
comna nd again uses the M, B, and K impedance pa-
rameters and trajectory generator for motion. The
arm 1oves back toward where the previous cormmnand
started until the contact force magnitude is less than a
given threshold, above a safety t hreshold, or the arin
has ret urned to that initial point. Monitors for low
and high force thresholds arc used as well as testing
for termination of the trajectory.

For shared control polishing, telcoperation inputs
arc usedinstead of the trajectory gencrator. The
TELEOP framne is specified to be at the center o f
a flat polishing tool held by the manipulator. The
teleoperation datuping matrix, Iy, is specified so that
the operator can input motion only tangential to the
polishing tool surface andaboutthe tool surface nor-
mal (the diagonal matrix has zeros for these DOLs).
Ipedance paramecters M and J3 are specified but the
stiffness K is set to zero to allow dircet force control.
The reference forces arc set to zero except for along
the 7 axis of the ) OR CE frame (which has its X-Y
plane the same as the too] surface) which has a neg-
ative setpoint so that a constant force will be applied
to thesurface. If the surface is curved, the contact
point may not be the center of the FORCYE frame re-
sulting in a generated mcasured actual torque which
will resultinarotation to climinate the torque. The
cleaning tool will therefore mamtain its center at the
contact point with the surface as the operator moves
the tool tangentialto the surface.

The door opening behavior can be specified sev-
eral different ways. The purposely generated motion
should be about the hinge axis. This motion can be
caused by the trajectory generator,teleoperationin-
put,or force control. The case where the nominal
motion is gencrated with t he trajectory generator is
deseribed here. 'The nominal motion frame is placed
such that its 7 axis is aligned with the hinge axis. A
one DOYF motion about the 7 axis is then specified
to resultin arcference trajectory that willmove the
door through the expected arc. Thie IMPEDANCE
fraine can be placed coincident with the nominal o
tion frame or at the grasp point. With the M, B, and
KN impedance parameters all specified, the motion will
follow the desired trajectory with asmallresultant er-
ror in position which is the balance between the forces
generated due to the inaccuracy in the planned tra-



jectory and ihe stiffness term.

6 l.aboratory Implementation

The data driven merging of concu rrent behaviors
for aredundant manipulator has been developed as
part of the Space Station Freedom Advauced Proto
type Development I'reject for control of Space Station
manipulators. The developient and implementation
has been done in the J]'], Supervisory Telerobotics
(STELER) laboratory. The STEI JER lab telerobot
system is composed of a local site where task com-
mands are specified by an operator with a graphical
interface andaremote site where the commmnands are
executed. The remote site was developed to be able to
exccute multiple concurrent behaviors as deseribed by
local site comnmand parameterization, and has been
nnplemented in A da to be consist ent with language
constraints for Space Station systeins.  The system
current ly uses aseven DO Robot ics Rescarch Corpo
ration K- 1207 dextrons manipulator with a six DO
LORD force-torque sensor at the wrist and a servoed
gripper as show nin figare ‘2, where the control systemn
is used to perforuyanorbital replacemnent unit change-
out task. Autonomous commands arc generated with
the local site systein and sent for execution at the re-
mot ¢ site. Yor teleoperation and shared cont rol tasks,
the operator uses a six DOF hand controller. The sys-
temis implementedinafive CPU 68(120/6S881 envi-
ronment and generates joint position commands cach
2.5 ms which arc sent to the manufacturer controller
which supplies the joint servo control. Figure 3 shows
experimental results of a cont act task. The gripper
was inilially several centimeters above the surface. Di-
rect force control, as explainedin Section 3 was used
(no trajectory generation(X,) was used). Ouly the
mass, M (50in Z), and damping, B {2250 in7), terms
of impedance control were used; the stiffuess, K, term
was set to zero. The fore.c set point, Iy, was set to-b N
in the IMPEDANCE frame. The force error caused
motion in 7 to contact and then the force error was
reducedtozeroresult ingin ab N stable contact force.

7 Conclusions

A control architecture for data driven merging of
concurrent control behaviors has been developed and
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Figure 2: Redundant manipulator performing orbital
replacement unit changeout
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Figure 3: Contact task with 5 N force setpoint



